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HIGHLIGHTS 


►  The  single  crystalline  Na0.44MnO2  nanowires  for  the  sodium  ion  battery. 

►  The  excellent  cycle  stability  and  high-charge/discharge-rate  capability. 

►  A  potential  candidate  for  the  cathode  material  in  the  high  power  Na-ion  battery. 
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High  power  Na-ion  rechargeable  batteries  have  attracted  much  interest  recently.  In  particular,  the 
development  of  nanostructured  electrode  materials  is  essentially  required,  because  the  large  surface  area 
and  short  Na-ion  diffusion  length  could  provide  the  high  power  density.  In  this  paper,  we  report  on  the 
fabrication  of  single-crystalline  Nao.44Mn02  nanowire,  and  the  application  to  Na-ion  rechargeable 
batteries.  The  single  phase  Nao.44Mn02  was  successfully  synthesized  by  the  hydrothermal  method.  The 
SEM  and  TEM  experiments  proved  that  hydrothermally  synthesized  Nao.44Mn02  has  single-crystalline 
nanowire  morphology.  The  single-crystalline  Nao.44Mn02  nanowire  electrode  in  Na-ion  batteries 
showed  both  the  excellent  cycle  stability  and  high-charge/discharge-rate  capability. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  batteries  have  attracted  considerable  attention 
recently  because  the  effective  use  of  energy  and  the  suppression  of 
C02  emissions  are  essential  solutions  to  global  energy  and  envi¬ 
ronmental  problems  [1].  In  particular,  there  have  been  great 
expectations  associated  with  the  development  of  lithium  ion 
batteries,  i.e.,  large  energy  density  [2-7].  On  the  other  hands, 
sodium  ion  batteries  are  one  of  the  post  lithium  ion  batteries. 
Researchers  have  studied  sodium  ion  batteries  in  terms  of  the 
active  materials  that  can  be  used  for  negative  and  positive  elec¬ 
trodes.  The  use  of  certain  types  of  carbon  material  has  been 
reported  for  the  negative  electrodes  [8,9],  while  materials  such  as 
metal  oxides,  metal  fluorides  and  polyanion  compounds  have  been 
studied  for  the  positive  electrode  [10-15]. 
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High  power  rechargeable  Na-ion  batteries  have  attracted 
considerable  interest  recently,  because  the  electric/hybrid  vehicles 
require  low  cost  and  high  power  auxiliary  power  units.  The  use  of 
abundant  Na  as  the  mobile  charge  could  reduce  the  cost,  while  the 
Na-ion  diffusion  in  the  solid  electrode,  which  is  generally  faster 
than  the  Li-ion  diffusion,  should  enable  the  higher  power  output 
than  that  of  the  Li-ion  rechargeable  batteries  [16] 

In  general,  the  charge-discharge  process  in  the  Na-ion  battery 
involves  three  Na-ion  transfer  processes,  i.e.,  the  Na-ion  conduction  in 
the  liquid  electrolyte,  the  Na-ion  transfer  at  the  electrolyte-electrode 
interface,  and  the  Na-ion  diffusion  in  the  solid  electrode.  In  particular, 
the  slow  ionic  diffusion  in  the  solid  electrode  should  be  the  rate- 
limiting  step  when  the  Na-ion  battery  is  charged/discharge  at  the 
high  rate.  Therefore,  in  order  to  achieve  the  high  power  Na-ion 
batteries,  nanostructuring  of  the  electrode  materials  is  indispens¬ 
able  [17],  which  can  reduce  the  Na-ion  diffusion  length  and  increase 
the  surface  area. 

Nao.44Mn02  has  been  known  as  the  cathode  material  for  the  Na- 
ion  battery  [17-19].  A  tunnel  structure  in  Nao.44Mn02  exhibits 
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Fig.  1.  XRD  pattern  of  Na0.44MnO2  synthesized  from  the  hydrothermal  method. 

the  reversible  Na-ion  insertion/extraction  reaction.  For  example, 
rod-like  Na0.44MnO2  synthesized  from  the  solid  state  reaction  was 
reported  to  show  the  reversible  capacity  of  140  mAh  g^1  at 
3.5-2.0  V  vs.  Na/Na+  [19].  Cao  et  al.  reported  the  electrode 
performance  of  the  single-crystalline  Nao.44Mn02  nanowire  for  the 
Na-ion  battery,  which  was  also  synthesized  from  the  polymer- 
pyrolysis  method  [17]. 

Recently,  we  have  reported  the  hydrothermal  synthesis  of 
single-crystalline  Nao.44Mn02  nanowire,  and  the  high-charge/ 
discharge-rate  capability  for  the  Li-ion  battery  [20].  In  this  paper, 
we  report  the  application  of  the  single-crystalline  Nao.44Mn02 
nanowire  to  the  Na-ion  battery. 

2.  Experimental 

Single-crystalline  Nao.44Mn02  nanowire  was  synthesized  by  the 
hydrothermal  method.  Typically,  0.1  g  of  Mn304  powder  was 
dispersed  in  NaOH  aqueous  solution  (40  ml,  5  mol  dm'3),  then  the 
solution  was  placed  in  a  Teflon-lined  autoclave  (45  ml).  The  auto¬ 
clave  was  heated  at  205  °C  for  96  h.  After  cooling  the  reaction 
solution,  the  precipitated  powder  was  filtered,  washed  with  water 
repeatedly,  and  then  dried  at  room  temperature  in  vacuum. 

The  X-ray  diffraction  (XRD)  measurement  was  carried  out  with 
a  Bruker  AXS  D8  Advance  using  Cu  Ka  radiation.  The  morphology 


Fig.  3.  Charge/discharge  curves  (the  initial  charge  process  and  following  dis¬ 
charge-charge  cycle)  for  the  single-crystalline  Na0.44MnO2  nanowire  at  the  current 
density  of  0.05  A  g  1  (0.42  C). 

was  observed  by  the  field  emission  scanning  electron  microscopy 
(FE-SEM)  and  bright  field  transmission  electron  microscopy  (bright 
field  TEM)  using  a  Carl  Zeiss  Supra  35  microscope  and  a  JEOLJEM- 
2010F  (200  kV  accelerating  voltage),  respectively.  The  specific 
surface  area  was  estimated  by  the  BET  method  based  on  the  N2 
adsorption  using  Micromeritics  Tristar  3000. 

Electrochemical  properties  were  evaluated  with  a  three- 
electrode  glass  cell.  The  Nao.44Mn02  nanowire  was  ground  with 
5  wt%  Teflon  and  45  wt%  acetylene  black.  The  capacity  of  acetylene 
black  is  too  small.  So,  the  capacity  in  this  paper  is  almost  based  on 
Nao.44Mn02.  The  mixture  was  then  spread  and  pressed  onto  an 
SUS-304  mesh  (100  mesh)  as  a  working  electrode.  The  reference 
and  counter  electrodes  were  prepared  by  spreading  and  pressing 
sodium  metals  onto  an  SUS-304  mesh  (100  mesh).  1  mol  dm-3  of 
NaC104  in  PC  was  used  as  the  electrolyte.  Cell  assembly  was  carried 
out  in  a  glove  box  under  an  argon  atmosphere.  The  specific  capacity 
(mAh  g-1)  and  specific  current  (A  g-1)  were  calculated  with  the 
weight  of  the  active  material. 

3.  Results  and  discussion 

Single-crystalline  Nao.44Mn02  nanowire  was  synthesized  by  the 
hydrothermal  method  as  previously  described  in  the  literature 
[20,21]. 
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500nm 


Fig.  2.  (a)  Bright  field  TEM  image  and  (b)  the  high  resolution  bright  field  TEM  image  of  hydrothermally  synthesized  Na0.44MnO2.  The  inset  in  (b)  shows  the  selected  area  electron 
diffraction  pattern. 
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Fig.  4.  Charge/discharge  curves  in  2nd  cycle  of  the  single-crystalline  Na0.44MnO2 
nanowire  at  0.05  A  g  1  (0.42  C),  0.1  A  g  1  (0.83  C),  and  1  A  g  1  (8.3  C). 


Fig.  5.  Cycle  performance  of  the  single-crystalline  Na0.44MnO2  nanowire  at  0.05  A  g  1 
(0.42  C),  0.1  A  g^1  (0.83  C),  and  1  A  g”1  (8.3  C). 

Fig.  1  shows  the  XRD  pattern  of  the  resulting  material.  The  XRD 
pattern  well  agrees  with  that  of  Nao.44Mn02  (JCPDS  No.  27-0570), 
which  suggests  the  successful  formation  of  a  Nao.44Mn02.  The 
peaks  can  be  indexed  into  orthorhombic  Pbam ,  and  the  calculated 
unit  cell  parameters  (a  =  9.081,  b  =  26.15,  c  =  2.822)  are  almost 


consistent  to  the  previously  reported  values  (a  =  9.078,  b  =  26.44, 
c  =  2.827)  [19] 

Fig.  2(a)  shows  the  bright  field  TEM  image  for  the  hydrother- 
mally  synthesized  Nao.44Mn02.  The  nanowire  morphology  with  the 
high  aspect  ratio  (>~50)  is  clearly  imaged.  Both  a  clear  lattice 
image  in  the  high  resolution  bright  field  TEM  image  in  Fig.  2(b)  and 
sharp  diffraction  spots  in  the  selected  area  electron  diffraction 
pattern  in  the  inset  of  Fig.  2(b)  suggest  the  single-crystalline  nature 
in  one-dimensional  direction.  The  surface  area  was  estimated  to  be 

28.2  m2  g-1  by  the  BET  method  on  the  basis  of  N2  adsorption  and 
desorption  isotherms  at  77  K.  This  value  is  much  higher  than 
17.8  m2  g-1  for  Nao.44Mn02  synthesized  from  the  polymer-pyrolysis 
method  [17],  which  clearly  demonstrates  the  advantage  of  the  non- 
woven  fabric  structure  with  the  nanowires.  All  these  results 
confirmed  that  the  hydrothermal  product  is  the  single-crystalline 
Nao.44Mn02  nanowire. 

The  single-crystalline  Nao.44Mn02  nanowire  was  applied  to  the 
cathode  material  in  the  Na-ion  battery.  Fig.  3  shows  the  charge/ 
discharge  curves  (the  initial  charge  process  and  following 
discharge-charge  cycle)  for  the  single-crystalline  Nao.44Mn02 
nanowire  at  the  current  density  of  0.05  A  g-1.  The  initial  charge 
capacity  was  50  mAh  g'1  corresponding  to  0.18  Na-ion  extraction 
from  Nao.44Mn02,  in  which  the  potential  plateaus  were  observed  at 

3.2  and  3.45  V.  These  potential  plateaus  could  be  ascribed  to  the  Na- 
ion  extraction  via  the  two  phase  process,  which  has  been  reported 
to  exist  at  the  composition  range  of  0.28  <  x  <  0.32  and 
0.38  <  x  <  0.42  [19].  The  following  discharge-charge  cycle  provides 
the  reversible  charge/discharge  capacity  of  120  mAh  g-1,  which 
implies  0.43  Na-ion  insertion/extraction  in  NaxMn02 
(0.26  <  x  <  0.69).  In  addition  to  above  mentioned  two  potential 
plateaus  at  3.45  and  3.2  V,  four  potential  plateaus  at  3.0,  2.6, 2.5  and 

2.2  V  were  observed  during  both  charge  and  discharge  processes. 
These  potential  plateaus  could  also  be  explained  by  the  Na-ion 
insertion/extraction  via  the  two-phase  process,  because  the  Na- 
ion  insertion  into  N0.44MnO2  exhibits  the  two-phase  state  at  the 
composition  range  of  0.28  <  x  <  0.32,  0.38  <  x  <  0.42, 
0.48  <  x  <  0.50,  and  0.54  <  x  <  0.57  [19]. 

Generally  speaking,  Na-ions  in  NaxMnC>2  could  occupy  two  sites, 
i.e.,  the  A-site  in  the  large  S-shaped  tunnel  and  the  B-site  in  the 
small  tunnel.  Sauvage  et  al  reported  that  Na-ions  could  be 
reversibly  inserted/extracted  into/from  the  A-site,  while  Na-ions  at 


Fig.  6.  (a)  Bright  field  TEM  image  and  (b)  high  magnification  bright  field  TEM  images  of  Na0.44Mn02  nanowires  after  20  cycles  at  1  A  g  1  (8.3  C).  The  inset  in  (b)  is  the  selected  area 
electron  diffraction  pattern. 
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the  B-site  could  hardly  be  extracted  in  the  potential  range  of 
2-3.8  V  [19].  The  coexistence  of  the  active  and  inactive  sites  in  the 
host  results  in  the  electrochemical  reaction  as, 

0.44Na+  +  0.440  +  Ncio  22M11O2  ^Nuq  66M11O2, 

in  which  all  of  the  Na-ions  could  not  be  extracted.  The  observed 
electrochemical  reaction  for  the  single-crystalline  Nao.44Mn02 
nanowire  well  agrees  with  the  above  reaction. 

Fig.  4  shows  the  charge/discharge  curves  during  the  2nd  charge- 
discharge  cycle  at  various  charge-discharge  rates.  The  reversible 
capacity  was  115  mAh  g-1,  110  mAh  g-1,  and  103  mAh  g-1  at  the 
specific  current  of  0.05  A  g-1  (0.42  C),  0.1  A  g  1  (0.83  C),  and  1  A  g_1 
(8.3  C),  respectively.  The  capacity  loss  was  only  10%  even  at  8.3  C, 
which  clearly  proves  the  high-charge/discharge-rate  capability  of 
the  single-crystalline  Na0.44MnO2  nanowire  for  the  Na-ion 
batteries. 

The  single-crystalline  Nao.44Mn02  nanowire  showed  high  cycle 
stability  as  shown  in  Fig.  5.  The  charge/discharge  capacity  loss  was 
only  12%  at  8.3  C  rate  after  20  cycles.  In  order  to  clarify  the  origin  of 
the  high  cycle  stability,  the  bright  field  TEM  was  imaged  after  20 
cycles  at  8.3  C  rate  (Fig.  6).  The  lattices  based  on  the  wall  plane  of 
the  nanowires  were  clearly  imaged,  and  the  selected  area  electron 
diffraction  pattern  indicated  the  single-crystalline  nature  in  the 
one-dimensional  direction.  Thus,  the  robust  host  structure  of 
Nao.44Mn02,  which  could  be  maintained  after  the  Na-ion  insertion / 
extraction,  should  be  one  of  the  origins  for  the  high  cycle  stability  of 
the  single-crystalline  Nao.44Mn02  nanowire. 

4.  Conclusions 

We  have  reported  the  fabrication  of  the  single-crystalline 
Na0.44MnO2  nanowire,  and  its  application  to  the  cathode  material 
of  the  Na-ion  battery.  The  single-crystalline  Nao.44Mn02  nanowire, 
which  was  synthesized  from  the  hydrothermal  method,  showed 
the  reversible  capacity  of  120  mAh  g-1.  The  observed  charge/ 
discharge  process  including  six  two-phase  states  well  agreed  with 
that  for  the  previously  reported  Nao.44Mn02  synthesized  from  the 
solid  state  reaction.  Furthermore,  the  single-crystalline  Na0.44MnO2 


nanowire  showed  the  high-charge/discharge-rate  capability  and 
high  cycle  stability,  which  suggested  that  the  single-crystalline 
Nao.44Mn02  nanowire  is  a  potential  candidate  for  the  practical 
cathode  material  in  the  high  power  Na-ion  battery. 
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